Abstract The zebrafish (Danio rerio) has been used extensively as a model system for developmental studies but, unlike most teleost fish, it grows in a determinate-like manner. A close relative, the giant danio (Devario cf. aequipinnatus), grows indeterminately, displaying both hyperplasia and hypertrophy of skeletal myofibers as an adult. To better understand adult muscle hyperplasia, a postlarval/postnatal process that closely resembles secondary myogenesis during development, we characterized the expression of Pax3/7, c-Met, syndecan-4, Myf5, MyoD1, myogenin, and myostatin during in vitro myogenesis, a technique that allows for the complete progression of myogenic precursor cells to myotubes. Pax7 appears to be expressed only in newly activated MPCs while Pax3 is expressed through most of the myogenic program, as are c-Met and syndecan-4. MyoD1 appears important in all stages of myogenesis, while Myf5 is likely expressed at low to background levels, and myogenin expression is enriched in myotubes. Myostatin, like MyoD1, appears to be ubiquitous at all stages. This is the first comprehensive report of key myogenic factor expression patterns in an indeterminate teleost, one that strongly suggests that Pax3 and/or Myf5 may be involved in the regulation of this paradigm. Further, it validates this species as a model organism for studying adult myogenesis in vitro, especially mechanisms underlying nascent myofiber recruitment.
Introduction
The zebrafish (Danio rerio) is a well-established model organism for investigations in developmental biology. More recently, the zebrafish has been utilized in studies of muscle genomics, somite formation, myotome development, muscle fiber specification, and muscle differentiation, as reviewed in Sparrow et al. (2008) and Buckingham and Vincent (2009) . However, the small size of this species has limited in vitro studies of myogenic precursor cell (MPC) physiology due to amount of tissue needed to isolate sufficient numbers of these cells for in vitro work. Additionally, the zebrafish exhibits determinate-like somatic growth, with hypertrophy of existing myofibers being the primary source of skeletal muscle growth during the postlarval period (van Raamsdonk et al. 1982; Biga and Goetz 2006) . While the ex utero development of zebrafish may make it a good model organism for studies of embryonic and larval muscle development, these characteristics have limited the usefulness of this organism in investigating mechanisms of postlarval myogenesis. However, the clade Danioninae contains both small and large danio species, leading to the prediction that several, if not many, relatives of the zebrafish are indeterminate growers. In 2006, Biga and Goetz demonstrated this very fact in the giant danio (Devario cf. aequipinnatus), the most closely related cyprinid widely available in the United States (Meyer et al. 1993; Tang et al. 2010) . In addition to its larger size (∼8-10 cm), this species exhibits true indeterminate growth, augmenting musculature in the postlarval period through both nascent myofiber recruitment (hyperplasia) and hypertrophy (Biga and Goetz 2006) .
Past investigations of myogenic precursor cell physiology in teleost fish have proven difficult. No continuous piscine myogenic cell line is available, despite numerous attempts at immortalization (Hightower and Renfro 1988) . Primary myoblast culture systems have been developed and described in a variety of species, including salmonids (Greenlee et al. 1995; Matschak and Stickland 1995; Rescan et al. 1995) , other cyprinids (Koumans et al. 1990; Sepich et al. 1994) , and ictalurids (Mulvaney and Cyrino 1995) . However, it is unclear whether the isolated cells are true MPCs or undifferentiated myoblasts, largely due to the general lack of evidence based on molecular markers. It has been well demonstrated that these cells are at least of the myogenic lineage, as myosin heavy chain is expressed by myotubes in vitro (Greenlee et al. 1995; Rescan et al. 1995; Fauconneau and Paboeuf 2000) . To better understand teleost MPCs and to validate the primary culture system for investigations of piscine muscle biology, we present evidence demonstrating progression of the myogenic program in cultured giant danio MPCs isolated from adult animals. For the first time, we demonstrate putative evidence of protein expression of MPC-specific factors (Pax3, Pax7, syndecan-4, and c-Met), myogenic regulatory factors (MyoD1, Myf5, and myogenin), and myostatin, a TGF-β family member which acts as a negative regulator of muscle growth, in an indeterminate-growing organism, a species which can be directly juxtaposed against an accepted model organism, the zebrafish.
Materials and Methods
Animals. Adult (>1 yr of age) giant danio (Devario cf. aequipinnatus) were obtained from commercial tropical fish dealers throughout the United States. Upon arrival, fish were maintained in a recirculating aquatic system (dechlorinated city water) at 26°C under a 14 L/10D photoperiod. Fish were fed once daily ad libitum. All animal care and experimental procedures described herein were approved in advance of experimentation by the Institutional Animal Care and Use Committee at North Dakota State University, Fargo.
Primary myoblast culture system. Following a protocol developed by Rescan et al. (1995) and used extensively by fish muscle biologists, primary myoblasts were isolated from adult fish. Fish were euthanized by tricaine methanesulfonate (>300 mg/mL; AVMA, Pittsburg, PA), submerged in 70% ethanol for 30 s, and de-scaled. Epaxial, fast-glycolytic ('white') muscle tissue (5 g) was sterilely dissected free of slow-oxidative ('red') muscle tissue and immediately placed in chilled (∼4°C) isolation media (9 mM NaHCO 3 , 20 mM HEPES, 1%v/v penicillin/streptomycin/fungizone, 0.15%v/v gentamicin in Dulbecco's modified Eagle's medium supplemented with 15%v/v donor equine serum). Following mechanical dissociation to a slurry consistency, muscle tissue was twice washed with washing media (9 mM NaHCO 3 , 20 mM HEPES, 1%v/v penicillin/streptomycin/fungizone, 0.15%v/v gentamicin DMEM) and centrifuged at 300×g for 5 min. Muscle tissue was then enzymatically digested in 0.2% (w/v) collagenase type IV (Worthington Biochemical, Worcester, MA) for 90 min followed by two washes and centrifugations at 300×g. Two trypsin (MP Biomedical, Portland, OR; 0.1%w/v in 9 mM NaHCO 3 , 20 mM HEPES, 1% v/v PSF DMEM) digestions were completed next, followed by triturations and filtrations through 100 and 40 μm cell strainers (BD, New York, NY). Isolated cells were then counted using a hemocytometer and the trypan blue exclusion method. Isolated cells were plated on poly-L-lysine-treated (Sigma, Palo Alto, CA), laminin-coated (BD) plates at a density of 2×10 6 cells per milliliter. Cultures were incubated at 26°C in complete media (9 mM NaHCO 3 , 20 mM HEPES, 1%v/v PSF DMEM supplemented with 10%v/v characterized fetal bovine serum; HyClone, Ithaca, NY) under normal atmospheric conditions without CO 2 supplementation for 9-11 d. Media was changed daily for the first 4 d of culture; thereafter, media was changed every other day to control cell proliferation and differentiation. Prior to media changes, cultures were rinsed with washing media for 30 s to 1 min to remove non-adherent cells and debris. All cell cultures were performed in triplicate.
Immunocytochemistry. At the appropriate stages, cells were fixed and probed with antibodies following a standard immunocytochemistry protocol. Briefly, cultures were washed in DMEM three times, and fixed in 4% formaldehyde (16% formaldehyde diluted in phosphate-buffered saline; Pierce, Englewood, CO) for 10 min. Cells were then permeabilized by incubation in 0.5% (v/v) Triton X-100 dissolved in PBS for 10 min at room temperature with gentle rocking. Cultures were blocked in 2% (w/v) bovine serum albumin in PBS 0.2% (v/v) Tween-20 for 24 h. Cultures were then rinsed twice with PBS-0.1% (v/v) Tween-20 (hereinafter PBST) followed by incubation with primary antibodies in 3% BSA (w/v) PBST for 24 h at 4°C with gentle rocking. Monoclonal mouse anti-Pax3 (ascites, 1:40 dilution) developed by C. P. Ordahl and monoclonal mouse antiPax7 (ascites, 1:40 dilution) developed by A. Kawakami were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. Polyclonal rabbit anti-MyoD1 (C-20; 1:20 dilution), polyclonal rabbit anti-myogenin (M-225; 1:20 dilution) and polyclonal rabbit anti-Met (C-28; 1:20 dilution) antibodies were obtained from Santa Cruz Biotechnology, Santa Cruz, CA. Polyclonal rabbit anti-syndecan-4 (AB71439; 1:40 dilution) antibody was obtained from Abcam, Cambridge, MA. A polyclonal rabbit antibody raised against recombinant brook trout (Salvelinus fontanalis) myostatin (Roberts and Goetz 2003; Biga et al. 2004 ) was used to detect danionin myostatin (1:50 dilution). Polyclonal rabbit anti-Myf5 (Z-FISH TM Anti-Myf-5 IN; 1:20) was used to detect endogenous myogenic factor-5 protein and was obtained from AnaSpec EGT Group, Fremont, CA. Following incubation with primary antibody, secondary antibody incubation was carried out in 1% BSA PBST for 2 h at room temperature. Rabbit antibodies were detected using a fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (Vector Laboratories) and mouse antibodies were detected using a Texas Red-conjugated rabbit anti-mouse antibody (Abcam). Nuclei were counterstained with 4',6-diamidino-2-phenylindole in mounting medium (Vectashield with DAPI; Vector Laboratories, Burlingame, CA). Immunolabeled cells were microphotographed under a Leica DM IL inverted microscope at ×40 magnification and Image Q imaging system, generously provided by the CORE Biology Facility at North Dakota State University, Fargo. For quantification purposes, cells in three fields (randomly chosen, ×40 magnification) were evaluated for factor expression (i.e., positive staining for Pax3, Pax7, c-Met, syndecan-4, MyoD1, Myf5, myogenin, and myostatin) per day of culture, normalized to total cells present in that field. ImageJ (http://rsb.info.nih.gov/ij/, available from the National Institutes of Health, Baltimore, MD) was used to determine both numbers of positive cells and total cells per field.
Proliferation studies. To assess the proliferative ability of MPCs and myoblasts, isolated cells were plated with 10 μM 5-bromodeoxyuridine (BrdU; Sigma) in complete media (see above) for 24 h throughout the culture period. Following BrdU exposure, cultures were fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline for 20 min, rinsed twice with PBS, permeabilized with 0.5% (v/v) Triton X-100 in PBS for 20 min, denatured in 3 N HCl for 7 min, washed with PBS twice, and finally blocked in 3% (w/v) BSA in PBS-0.1% Triton X-100 for 24 h. Following blocking, cultures were rinsed twice with PBS followed by incubation with anti-BrdU clone BU33 (1:200, SigmaAldrich, Cambridge, MA) in 1% (w/v) BSA PBS-0.1% Triton X-100 for 1 h at room temperature and 23 h at 4°C. Proliferative cells were detected with a secondary Texas Red-conjugated rabbit anti-mouse antibody (Abcam) in 1% BSA PBS-0.1% Triton X-100 for 2 h at room temperature. Counterstaining and visualization were completed as described above.
Statistical analysis. All cell cultures were performed in triplicate and all analyses were conducted from three randomly chosen fields of exact size from each culture. For each factor examined, percent positive cells per day (e.g.,% Pax3 + cells on day 2) were analyzed by one-way ANOVA for effect of day, with application of Bonferroni's post hoc test as necessary to detect differences between d (with significance determined at P<0.05). For proliferation studies, one-way ANOVA was utilized to test for differences between d, with overall effect of d considered at P<0.05 and differences between d considered significant at P<0.05 following Bonferonni's post hoc test. GraphPad Prism 5 (www.graphpad.com) was used to conduct all statistical tests.
Results
Myogenesis follows a progression of cell commitment beginning with myogenic precursor cells that become determined as myoblasts and differentiate into myotubes and then functional myofibers. Many studies have utilized primary myoblast cultures to examine various aspects of myogenesis in teleosts; however, this culture system is poorly defined. To address this, we characterized isolated MPCs from giant danio in vitro as they proliferate and differentiate into myotubes. Because most teleost fish are indeterminate growers, we chose to characterize the in vitro myogenesis of this danionin, as it is likely to be more representative of teleost fish in general than its close relative, the zebrafish.
Paired-box transcription factors are present throughout myogenesis. Both Pax3 and Pax7 are detectable during myogenesis in giant danio (Figs. 1 and 2); however, the expression profiles of these transcription factors are quite different. Upon seeding of adult-derived MPCs collected from giant danio, the expression of Pax7 is rapidly downregulated (>99% at 2.5 h versus 72.4±24.0% at 5 h post-seeding; Fig. 1 ) and undetectable during myoblast proliferation stages and myotube formation (days 1-9; Fig. 2 ). Conversely, putative Pax3 expression appears to be highly expressed throughout myoblast proliferation and even into differentiation (50.2±17.7% Pax3 + nuclei on day 1 of culture, with expression gradually increasing through myogenesis and peaking at 94.4±9.7% of nuclei at day 9 of culture; Fig. 2 ).
Myogenic precursor cell markers are expressed during myogenic progression. In addition to being Pax3
MPCs from giant danio are also c-Met + (the receptor for hepatocyte growth factor/scatter factor), where c-Met expression is highest at seeding and, interestingly, in myotubes (95.6±7.7% c-Met + on day 1 versus 99.0±1.6% on day 9 of culture; Fig. 3 ). Intense expression of c-Met is limited to MPCs and early proliferative myoblasts (days 1-6), but some diffuse localization as cells progress into differentiation (days 7-9). c-Met expression remains high throughout myogenesis with several small c-Met + cells being present in myotubes in close proximity to larger c-Met + cells ( Fig. 3a-h ). Syndecan-4, a heparan sulfate proteoglycan, is also present throughout in vitro myogenesis in giant danio ( Fig. 3i-p) . At seeding (day 1), a small fraction of cells (32.47±5.3%) positively stain for syndecan-4, but this expression increases as cells become elongated (days 3-4) where syndecan-4 is detected in all myoblasts with strong aggregated staining (>99%). This highly organized staining decreases as myoblasts progress through myogenesis and staining becomes more diffuse. During differentiation, syndecan-4 staining is reduced compared to late-stage myoblasts, with some aggregates detected (61.3±8.6% of cells syndecan-4 + on day 9 of culture; Fig. 3 ).
Myogenic regulatory factor expression is present during myoblast proliferation and differentiation. Cells at seeding appear to be Pax3 + /Pax7 + /MyoD1 + , indicating commitment to the myogenic lineage upon seeding (data not shown). At seeding, most cells are MyoD1 + y) and this expression level continues throughout myogenesis (89.0± 11.6% of nuclei MyoD1 + on day 1 of culture versus 86.2± 14.6% on day 9). In differentiating myotubes, clusters of nuclei exhibit intense staining for MyoD1. Myf5 is also present at seeding; however, these cells are very rare ( Fig. 4a-h ). This low level of Myf5 expression (as determined by very weak fluorescence, close to background levels) continues throughout myogenesis, indicating that Myf5 + cells are rare in giant danio MPCs and in vitro myogenesis (17±3.5% of nuclei Myf5 + on day 1 of culture). In contrast, myogenin expression is detected in MPCs (81.4±17.2%, days 1-2), with a similar profile in proliferative myoblasts (>72.4 ± 7.8%, days 3-6; Fig. 4q -x, y). Staining is primarily nuclear, with some diffuse fluorescence in the cytoplasm. Myogenin expression becomes more detectable in late-stage myoblasts or myotubes as cells begin to terminally differentiate, where more intense expression is also apparent (80.4±17.4% of nuclei myogenin + ).
Myostatin, a TGF-β family member, expression is detected throughout myogenesis. Myostatin expression is detected in seeded myocytes as early as day 1, as evidenced by strong staining in newly seeded cells (74.2 ± 23.0%; Fig. 5 ). As MPCs progress to myoblasts, myostatin expression remains present in >99% of cells, with some intense cytoplasmic staining (Fig. 5) . The strong immunofluorescence exhibited in MPCs continues throughout the myogenic program, even in terminally differentiating myotubes.
Proliferation increases as myogenic precursor cells progress to myotubes. Between seeding and day 1 (at 2 × 10 6 cells/mL), there is a marked decrease in total cells present across fields of view. Further, on day 1 of culture, MPCs do not appear to proliferate (Fig. 6a) . However, as these cells progress to myotubes, proliferation rates (as measured by the incorporation of 5-bromodeoxyuridine, BrdU, during the S- phase of the cell cycle) increase, with the most rapid increase on day 2 of culture (>3,000% over day 1; Fig. 6b ) and a subsequent small decrease observed at day 3. The highest rate of cell proliferation occurs on day 9 of culture (P<0.001), with cells likely undergoing apoptosis or senescence following this point as this marks the end of the culture period.
Discussion
Skeletal muscle contains multinucleated myofibers that arise from embryonic muscle cells called myoblasts. Myoblasts primarily develop during embryogenesis from the paraxial mesoderm of somites that later form the dermomyotome. Eventually, myogenic cells delaminate and undergo elongation and terminal differentiation to form the functional myotome (Rescan 2005; Scaal and Wiegreffe 2006; Biressi et al. 2007; . Postlarvally, muscle cell proliferation leading to skeletal muscle growth and regeneration is the result of the activation of adult skeletal muscle-specific stem cells referred to as myogenic precursor cells (in fish) or myosatellite cells in most other animals, including mammals (Moss and Leblond 1971; Lemischka 1999; Charge and Rudnicki 2004; Zammit et al. 2006a) . Following proper stimuli, such as exercise or injury to underlying myofibers, myogenic precursor cells become active, proliferate, and can fuse with existing myofibers to become new myonuclei (Moss and Leblond 1971; Seale and Rudnicki 2000; Hawke and Garry 2001) , a process referred to as hypertrophy.
While hypertrophy of existing myofibers is the primary skeletal muscle growth mechanism exhibited by terrestrial mammals and zebrafish, many teleost fish are able to undergo postlarval muscle fiber hyperplasia as well (Mommsen 2001) . To accomplish this, MPCs proliferate to generate fields of myoblasts that, in turn, form nascent myofibers. In adult teleost fish, small diameter fibers can be seen interspersed among larger diameter fibers, a phenotype referred to as mosaic hyperplasia (Alfei et al. 1989; Rescan 2005) . Adult giant danio, even at 1-2 yr of age, can resume growth in response to a stimulus (e.g., growth hormone treatment) followed by mosaic hyperplasia, a characteristic not seen to an appreciable degree in zebrafish (Biga and Goetz 2006) . Although it is hypothesized that MPCs play a role in this mosaic hyperplasia, the mechanisms underlying this process are unknown. Isolating MPCs from these fish is possible and describing their behavior in vitro is the first step to understanding the fate choice(s) exhibited by these cells. We hypothesize that MPC-specific markers (paired box factors Pax3 and Pax7, the receptor for hepatocyte growth factor, c-Met, and the proteoglycan syndecan-4) and myogenic regulatory factors (MyoD1, Myf5, and myogenin) determine whether a MPC (or the resulting myoblasts, rather) fuses with other myoblasts or with existing myofibers. The differential expression of these factors documented here suggests that they may in fact play a role in determining a hypertrophic and/or hyperplastic phenotype.
Paired-box transcription factors exhibit differential expression and indicate the presence of myogenic precursor cells throughout the primary culture system. Myosatellite cells in mammals are characterized by the expression of Pax7 (Seale et al. 2000) and CD34, but do not express detectable levels of Myf5 or MyoD1 proteins (Beauchamp et al. 2000) . In mammals, Pax7 is expressed by quiescent, activated, and proliferating myosatellite cells, but not in myonuclei (Seale et al. 2000; Collins et al. 2005; Relaix et al. 2005; Shefer et al. 2006; Zammit et al. 2006b ). Pax7 was thought to be required for the specification of myosatellite cells (Seale et al. 2004) , although other work has shed doubt on this hypothesis (Oustanina et al. 2004 ). In zebrafish, Pax7 + nuclei have been identified in the trunk musculature ) and in pectoral fin buds (Patterson et al. 2008) , utilizing the same Pax7 antibody detailed in this report. In adult giant danio (as opposed to the aforementioned larval zebrafish), Pax7 appears to be present in MPCs and quickly downregulated as cells progress to myoblasts. Pax3, a paralog to Pax7, is believed to be important in limb muscle development (Relaix et al. 2004 ) and is expressed sporadically in mammalian myosatellite cells, particularly in the diaphragm (Relaix et al. 2006) . In avian muscle, MPCs located in muscle spindles also express Pax3 and may be involved in maintaining myofibers (Kirkpatrick et al. 2010 ). Pax3 may also play a role in inducing differentiation (Young and Wagers 2010) , a finding supported by positive Pax3 staining in differentiating giant danio myoblasts. Interestingly, in the immortalized C2C12 myogenic cell line commonly used in investigations of myogenesis, Pax3 attenuates differentiation, while ectopic expression induces differentiation in primary murine myoblasts (Young and Wagers 2010) .
In fish, investigations of Pax genes and their functions have just begun. In indeterminate-growing Atlantic salmon (Salmo salar) primary myoblast cultures, Pax7 mRNA peaks around day 8 of culture and the authors attributed this to cell population renewal (Bower and Johnston 2010) . Similarly, giant danio cell proliferation peaks around day 9; however, we have been unable to detect Pax7 expression in myotubes. It is important to note that the antibody used to detect Pax7 expression in this study was made against chicken (Gallus gallus) Pax7, although it has been used in zebrafish (Nyholm et al. 2007; Seger et al. 2011 ) and Xenopus studies (Vivien et al. 2012 ). In zebrafish, several isoforms and splice variants of Pax7 and Pax3 have been identified (Seo et al. 1998 ). The most obvious reason for the lack of Pax7 expression is that myotubes (at least in mammals) do not express this protein (Seale et al. 2000) . However, it is also possible that the Pax7 protein expressed by giant danio MPCs is an isoform unrecognized by this antibody or that Pax7a and Pax7b mRNAs are targeted by miRNAs, as was recently demonstrated with its paralog, Pax3 (Boutet et al. 2012 ). Further, Pax3 may be more applicable to adult growth and myofiber maintenance (Kirkpatrick et al. 2010) , as studies in larval zebrafish have revealed that Pax7 + MPCs appear to respond to injury while Pax3 + MPCs remain largely unchanged (Seger et al. 2011) . This postulation appears to be supported by recent work in mice, demonstrating that, while Pax7 is critical during the fetal and neonatal periods, it is dispensable in adult animals (Lepper et al. 2009 ).
MPC-specific markers are expressed differentially during in vitro myogenesis. The proto-oncogene c-Met, a receptor tyrosine kinase specific for hepatocyte growth factor/scatter factor (HGF/SF), has been identified in MPCs (Allen et al. 1995; Cornelison and Wold 1997) , immortal myoblasts of the C2C12 cell line (Anastasi et al. 1997) 
and in MyoD1
−/− primary myoblasts (Sabourin et al. 1999 ). Other works have demonstrated that HGF/SF (ligand for c-Met) functions in a concentration-dependent manner, with low concentrations promoting activation (Tatsumi et al. 1998 ) and high concentrations yielding quiescence (Yamada et al. 2010 ) of myosatellite cells in mammals. c-Met reactivity in MPCs has been identified in another indeterminate growing teleost, the Atlantic salmon (Johnston et al. 2000) . Of proliferating cells in these fish (as determined by PCNA expression), 78% were c-Met + (Johnston et al. 2003) . In giant danio, cMet is expressed in myoblasts and myotubes in a duplex of puncti, suggesting possible dimerization (Fig. 4) . In some instances, immunostaining for c-Met appears nuclear; however, staining could indicate peripheral localization and does not rule out cytoplasmic or plasma membrane localization.
The two-dimensional nature of our microscopy confounds our ability to describe this pattern of staining further; however, preliminary evidence generated using a Zeiss inverted Axio Observer Z1 imaging microscope and z-stacking (generously provided by the Advanced Imaging and Microscopy core center of North Dakota State University) indicates that this staining is intracellular, but not nuclear (data not shown). Primary myoblasts adhere to the culture substratum and therefore are not suspended in the culture medium. Previous c-Met localization demonstrates a halo-like or punctuated expression patterns surrounding the nuclei in suspended cells (Knudsen et al. 2009 ), suggesting an important potential feature of relative association of c-Met and the nucleus. The relative lack of cytoplasm in these cells may lead to a potential in vitro artifact in primary myoblasts that appears as nuclear staining, when in fact the staining is more likely membranous with close proximity to the nucleus. In human cells reared in suspension, cMet expression was shown to be similar using the same antibody employed in our study (C-28; see "Materials and Methods" above), verifying the usefulness of this antibody in piscine systems. While it would be beneficial to compare cMet immunoreactivity in Atlantic salmon, the Johnston et al. (2003) report only showed cell numbers and not actual Immunocytochemistry of Myf5, MyoD1, and myogenin expression in myogenic precursor cells, early-stage myoblasts, latestage myoblasts, and differentiating myotubes at days 1-2 (a, b; i, j; q, r), days 3-4 (c, d; k, l; s, t), days 6-7 (e, f; m, n; u, v), and days 9-10 (g, h; o, p; w, x) of culture, respectively. Anti-Myf5, anti-MyoD1, and antimyogenin detected by fluorescein isothiocyanate (FITC) fluorophore. Total nuclei detected by DAPI. a, b; c, d; e, f; g, h; i, j; k, l; m; n; o, p; q, r; s, t; u, v immunocytochemical images, although they did use an antibody provided by the same manufacturer.
In giant danio, syndecan-4 is highest in early-and latestage myoblasts (days 3-8; Fig. 3 ) during culture and decreases as cells progress to myotubes. This proteoglycan has been used as a marker for myosatellite cells (Cornelison et al. 2001 ) and may be indirectly involved with HGF/SF signaling through c-Met, as syndencan-4 −/− animals possess myosatellite cells with decreased c-Met expression (Cornelison et al. 2004) . Murine syndecan-4 −/− myosatellite cells continue to express c-Met in vitro; however, they fail to enter the myogenic program (Cornelison et al. 2004) , suggesting a specific role for syndecan-4 in myogenesis. Syndecan-4 marks Pax7 + and c-Met + myosatellite cells (Bosnakovski et al. 2008; Tanaka et al. 2009 ). In giant danio culture, presence of syndecan-4 + (namely at the myotube stage) might suggest involvement with self-renewal of the MPC niche (Cornelison et al. 2004; Day et al. 2009 ).
Myogenic regulatory factor expression indicates myogenic lineage progression and myoblast proliferation and differentiation. MyoD1, the most studied myogenic regulatory factor (MRF), appears to be the archetypal myogenic basic-helix-loop-helix transcription factor and is expressed in organisms ranging from Drosophila melanogaster (Wei et al. 2007 ) to humans (Scrable et al. 1990 ). In giant danio, at least in vitro, this MRF appears to be constitutively expressed in myoblasts. This appears to be consistent with other primary culture systems isolated from mammalian and avian species (Halevy et al. 2004; Yablonka-Reuveni and Anderson 2006) . In addition, this demonstrates known myogenic protein expression in MPCs and myoblasts isolated by our protocol from adult giant danio (Fig. 4) , confirming the myogenic nature of this system. In addition, MyoD1 is present in later stage (which appear to be differentiated) myoblasts and co-expressed with Pax3 in giant danio. In mammalian and avian primary myoblast culture systems, Pax7 + /MyoD1 + cells are present during the myoblast stage of myogenesis. In day 7 and 11 chicken myoblast cultures, Pax7 is co-expressed with MyoD1 and myogenin (Halevy et al. 2004) ; however, many studies, including that by Halevy and colleagues, report much longer culture periods than our cells appear to tolerate. The late expression of MyoD1 seen in day 9 differentiating cells may be due to multiple isoforms of this MRF. In salmonid fishes, there are at least three known MyoD1 isoforms that are differentially regulated during myoblast proliferation and differentiation (Macqueen and Johnston 2008) . Zebrafish appear to possess only one MyoD isoform, although the unsequenced genome of the giant danio may reveal a similar pattern of isoform diversification as that seen in salmonids and fishes like medaka, Takifugu, and Tetraodon (Macqueen and Johnston 2008) . Additionally, the polyclonal antibody used to detect MyoD1 expression in this study most likely does not distinguish between different MyoD1 isoforms; therefore, the constitutive expression observed might be confounded by variation in isoform expression.
Compared to other systems (i.e., mammalian primary myoblasts), Myf5 expression is isolated and limited in giant danio myoblasts (if present at all, as expression is more consistent with background than true staining), with expression peaking early (albeit sparsely) with proliferation of myoblasts followed by little to no expression in differentiating cells (Fig. 6) . The antisera used in this study was raised against a Myf5 epitope of zebrafish origin (see "Materials and Methods"), and sequence analysis from our laboratory indicates that the giant danio Myf5 ortholog is highly conserved between these two species (data not shown). Further, Myf5 specificity has been demonstrated by Western blot and in vitro using zebrafish primary myoblasts (data not shown). Myf5 is thought to set the irreversible commitment to myogenesis, as opposed to self-renewal (Kuang et al. 2007 ). Interestingly, lower levels of Myf5 have been shown to result in a 'priming' effect in MPCs and that haploinsufficiency of Myf5 results in enhanced self-renewal (Gayraud-Morel et al. 2012) . At all stages of adult giant danio myogenesis, the nearly absent expression of Myf5 may suggest a more 'potent' nature of these cells, as compared to those isolated from mammalian systems. Alternatively, studies in embryonic zebrafish have suggested that MyoD1 is important in the specification of fast muscle MPCs (Coutelle et al. 2001) , which may explain the apparent dominant role of MyoD1 in our fast-glycolytic ('white') muscle-derived culture system. Unlike in mammalian systems, slow-and fast-twitch muscle fibers can be separated at the macroscopic level in giant danio and other teleosts, making the study of fish musculature even more attractive.
Myogenin expression appears to be low (but present) in MPCs and continues to increase in later-stage cells. Studies in mammalian systems have identified myogenin as a basic helixloop-helix transcription factor upregulated by MyoD1 early in differentiation (Cao et al. 2006) . Knockout studies in mice have demonstrated the critical role for myogenin in differentiation, as myogenin −/− embryos do not develop differentiated muscle (Nabeshima et al. 1993 ). In mammals, over-expression of Pax7 results in the attenuation of myogenin expression in myotubes (Olguin and Olwin 2004) , suggesting that myogenin leads to cell cycle withdrawal. In giant danio myoblasts, myogenin expression appears much sooner than expected, suggesting that myogenin may play a more diverse role in teleost fish. Further, proliferation rates of myoblasts increase throughout the culture period, as demonstrated by Fig. 6 . This trend is not seen in mammalian species and may implicate myogenin in a novel regulatory mechanism related to indeterminate growth. Data from amphibians (Xenopus laevis) also suggest that myogenin activates structural genes (Charbonnier et al. 2002) and we speculate this is likely the case in giant danio under in vivo conditions. We have not observed spontaneous contraction of myotubes in vitro and this appears to hold true for other teleost species as well, supporting our finding that myotubes may not fully differentiate in vitro. The apparent expression of myogenin in giant danio myoblast cultures may also be fiber-type-specific, as myogenin mRNA localizes to 'red,' slow-oxidative myofibers in rainbow trout and is relatively scarce in 'white,' fast-glycolytic muscle (Rescan et al. 1995) . However, studies in zebrafish have demonstrated that myogenin expression plays an important role in the formation of these fast myofibers (Hinits et al. 2009 ). Thus, it is important to distinguish our study from previous investigations of myogenin expression. The fish from which MPCs were isolated for this work were adult fish while the zebrafish studies we examined in the literature involved embryonic and larval fish (zebrafish) or very young juvenile fish (salmonids, such as rainbow trout). It has been well-demonstrated that embryonic and larval myogenesis are quite different from postembryonic, postnatal/postlarval myogenesis .
Myostatin, a TGF-β family member, appears to be expressed despite cell stage. Interestingly, myostatin, a member of the TGF-β superfamily (McPherron et al. 1997 ), appears to be expressed throughout the giant danio myogenic program, at apparently high levels (Fig. 5) . Previous studies indicate that myostatin is important in maintaining MPC quiescence (McCroskery et al. 2003; McFarland et al. 2006; McFarlane et al. 2008 ) and may explain the apparently high expression levels in day 1 MPCs. Several reports have described the potential for myostatin to being sequestered to the cell membrane via proteogylcans, like decorin, and this mechanism may be responsible for local functional regulation (Miura et al. 2006; Nishimura et al. 2007; Zhu et al. 2007; Kishioka et al. 2008) . In fish, myostatin function is less clear. Myostatin mRNA data from our laboratory (data not shown) suggest a decrease in myostatin protein levels would be detected during rapid proliferation; however, the actual pattern of myostatin protein expression does not support this finding, as myostatin protein does not appear to decrease in proliferating cells. Further, the high levels of expression, including what may at first appear to be nuclear, are likely due to a similar phenomenon as that seen with c-Met staining (see above). This antibody, however, is of piscine origin (raised against a brook trout epitope of myostatin-1b; see "Materials and Methods") and the high degree of conservation between salmonid and danionin myostatin orthologs (>75% identity) validates the use of this antibody. Of course, expression does not necessarily equal activity. It is likely that a portion of the detected myostatin in vitro is sequestered by proteoglycans during proliferating stages, as suggested by mammalian experiments (Kishioka et al. 2008) . It is therefore hypothesized that a proteoglycan, like decorin, may be acting as a sequestering molecule at these stages (Nishimura et al. 2007 ). In other fishes, such as Sparus aurata, myostatin expression was detectable at day 11 of culture (Funkenstein et al. 2006 ), a finding similar to ours. In salmonids, myostatin protein has been identified in vitro (Ostbye et al. 2007 ) but most studies have used quantitative PCR analysis to study myostatin function at the tissue level and not at the single cell level, as we report here.
Isolated satellite cells proliferate following seeding and continue to proliferate through differentiation. Data from other teleost fishes indicate that MPCs proliferate in vitro, reaching a plateau near the point where cultured cells begin to apoptose or undergo senescence (Greenlee et al. 1995; Rescan et al. 1995; Codina et al. 2008; Levesque et al. 2008; Bower and Johnston 2010) . However, other reports have indicated that MPCs do not proliferate under culture conditions (Koumans et al. 1990; Matschak and Stickland 1995) . In giant danio, total cells present in vitro markedly decreases between days 1 and 2 of culture (Fig. 6 ). We attribute this to our method of cell isolation. Unlike methods employed in better-characterized model organisms such as mice, isolation of fish MPCs relies on physical methods, not flow cytometry based on surface protein or transgenic GFP expression. It is likely that myofibroblasts are also isolated using our protocol; however, 90-100% of cells per field at day 2 of culture are MyoD1 + , indicating that they are not fibroblasts. Observations from our laboratory indicate that these fibroblasts are only present during days 1 and 2 of culture (data not shown), as they are readily identified by their 'star-like' morphology. Further, our in vitro system relies on laminin, a protein for which MPCs have a much greater affinity than fibroblasts. Thorough washing of newly seeded cells is an effective method for removing myofibroblasts, as well. Alternatively, these cells may represent a subpopulation of MPCs that our culture conditions do not support. In mammals, such MPC populations have been described (Biressi and Rando 2010) .
From total cell counts, it appears that two 'waves' of proliferation occur during giant danio myogenesis in vitro. Days 3 and 4 of culture are representative of the 'earlymyoblast' stage, as determined by the size (i.e., small) and spindle-like shape of the myoblasts. Day 6-9 myoblasts are much larger, although they possess a similar spindlelike morphology. Cell count data indicate a proliferative expansion precedes each of these periods (Fig. 6 ). Before the 'early'-myoblast period, proliferation (as judged by cells present in culture) increases by 218%, with a smaller yet important increase of 90% prior to the 'late-stage' myoblast period.
Giant danio myoblasts proliferate throughout culture, as demonstrated by BrdU incorporation (Fig. 6) . In vitro, giant danio myoblasts reach a proliferative plateau around day 9 of culture. A small, yet statistically insignificant, decrease in proliferation appears to be seen between days 2 and 3. Otherwise, proliferation rapidly increases throughout myogenesis. Putative Pax3 expression appears to be present throughout proliferation and may contribute to the high level of proliferation seen in most stages of in vitro myogenesis, especially in late-stage myoblasts, as suggested by studies in mice (Conboy and Rando 2002) . Interestingly, myogenin expression in mammalian myoblasts is associated with subsequent cell cycle withdrawal and fusion (Andres and Walsh 1996) . While we did not double-label cells to detect myogenin + /BrdU + myoblasts, the high degree of myogenin + myoblasts in later stages of culture (>99%, days 6-11) and the high degree of BrdU incorporation (>51%; Fig. 6 ) strongly suggests that a significant portion of the proliferation fraction of cells are both expressing the MRF myogenin and undergoing DNA synthesis.
Conclusions
While it may be tempting to draw conclusions by juxtaposing determinate-growing terrestrial organisms like mice and fowl and aquatic indeterminate-growing giant danio, a multitude of confounding variables make such a comparison difficult. The surprising expression pattern of Pax3 suggests an 'embryonic-like' nature of giant danio MPCs. This expression pattern, coupled with the embryonic morphology of these cells (Cossu and Biressi 2005; Biressi et al. 2007 ) and their largely Pax7-independent proliferation, may suggest that giant danio MPCs retain the ability to fuse with existing fibers or form nascent fibers, as fetal myoblasts do during secondary myogenesis in the mouse (Stockdale 1992) because they maintain the regulatory pathways present during embryogenesis (see Fig. 7 for working model). Further, Kirkpatrick et al. (2010) identified intrafusal Pax3 + nuclei in chickens and suggested that these nuclei may belong to MPCs responsible for maintaining muscle mass. Concurring with our data, the authors even described these cells and the myofibers associated with them as "immature" (Kirkpatrick et al. 2010) . As giant danio and most species of teleost fish are able to grow throughout their lifespans, Pax3 may play an important role in these organisms' ability to increase muscle mass via nascent myofiber recruitment, despite the aging process. This, coupled with scarce expression of Myf5, if any at all, may suggest a mechanism for self-renewal of MPCs in indeterminate-growing species. Further, the high degree of proliferating myoblasts expressing myogenin may point to a novel function for these proteins in indeterminategrowing species. However, we are unaware of any data from adult zebrafish demonstrating the expression of Pax3 and/or myogenin in vitro or in vivo, making characterization of adult D. rerio myogenesis a priority. Figure 7 . Schematic of relative cell proliferation (red) and expression levels of paired-box factors, myogenic precursor cell-specific markers (red), myogenic regulatory factors, and myostatin (green) in giant danio myogenic precursor cells, myoblasts, and differentiating myotubes.
